Abstract-An all-dielectric composite route is proposed for the construction of a left-handed material at THz frequency. It is shown that the interaction between the crystal lattice vibration of the polaritonic dielectric and the electromagnetic wave could induce a negative permittivity. By combining the electric inclusion of polaritonic dielectric with the magnetic inclusion based on Mie resonance, the dielectric composite exhibits simultaneously negative permittivity and negative permeability, hence a negative refractive index. Additionally, the simulation results of the electromagnetic coupling between the electric and magnetic inclusions indicate that the behavior of the negative refractive index is closely related to the distance between the two inclusions.
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INTRODUCTION
Negative refraction in the left-hand materials (LHMs) with negative permittivity and negative permeability simultaneously has attracted much attention for their exotic electromagnetic (EM) properties [1] [2] [3] [4] [5] [6] [7] . Due to the fact that natural materials with both negative permittivity and negative permeability have not been available, the conventional LHMs have focused on the combination of subwavelength metallic structures to achieve negative parameters at the same time by electric and magnetic resonances, and thus a negative refractive index [2] [3] [4] [5] [6] . For instance, the combination of split ring resonators (SRRs) and metallic wires is widely adopted [2] [3] [4] . In this case, the SRRs provide the negative effective permeability based on magnetic resonance which depends on its detailed geometry, while the metallic wires provide the negative effective permittivity when the frequency below the plasmon frequency. However, these artificial materials mainly gain their negative parameters from the structures rather than from their intrinsic properties directly. It should be a big challenge to realize them in optical frequency due to much complicated nano-farication technique. So it will be very interesting and significant to realize nonmetallic LHMs using the intrinsic properties of the materials.
Although substances with both negative permittivity and negative permeability are absent in natural materials, to realize the negative permeability and the negative permittivity respectively with natural materials is still possible. Recently, the magnetic resonator has been upgraded from SRRs to dielectric particles (Sr 0.5 Ba 0.5 TiO 3 , LiTaO 3 and SiC) with high permittivity based on the Mie theory at microwave and infrared frequencies [7] [8] [9] [10] [11] [12] . Moreover, if the sphere radius is increased, such particles can also exhibit an electric resonance in the same frequency range [13, 14] . Therefore, a LHM can be realized by using dielectric spheres of two distinct sizes or combining dielectric particles with metallic wires. Besides, ferrites or magnetic metals may also possess a negative permeability at certain frequency by the ferromagnetic resonance [15, 16] .
A difficulty to realize all-dielectric LHMs is the negative permittivity inclusions. As the electric resonance in Mie particles is the second one, the resonance is relative weak and hard to be negative, especially in high frequency to infrared range. In this work, we proposed a new mechanism to realize negative permittivity, which is based on crystal lattice vibration of the polaritonic dielectrics. In combination with the negative effective permeability based on Mie resonance, a negative refractive index is expected to be generated.
ELECTRIC INCLUSION
Classic theory of lattice dynamics [17] has shown that, the relative permittivity of polaritonic dielectrics will exhibit one or more electric resonances near the transverse optical phonon frequencies due to the excitation of transverse optical phonons by lattice vibration at the infrared regime. At frequencies just above the transverse optical phonon vibration, the relative permittivity is negative.
For polaritonic materials, the lattice vibration at the infrared frequency can be expected to tailor permittivity resonance. For single oscillator (transverse vibrational mode), the dielectric dispersion relation of polaritonic materials can be expressed as [17] 
where ε ∞ is the high-frequency dielectric constant, ε 0 is the static permittivity, ω T is the transverse optical phonon frequency and γ is the damping coefficient. It has the same form to that of the classic Lorentz dispersion relation. The CaTiO 3 (CTO) ceramic, which is well known as mineral perovskite, is chosen to act as the electric inclusion, and it has three vibration modes [18] : a cation-TiO 3 lattice vibration mode at 110 cm −1 (∼ 3.3 THz), a T-O bending mode at 170 cm −1 (∼ 5 THz) and a T-O stretching mode at 550 cm −1 (∼ 16.5 THz). Resonances of the latter two vibration modes are much weaker than the one at about 3.3 THz. Therefore, to simplify the calculation, we ignore the influence of the two vibration modes at higher frequencies and fit to the dielectric data taken from the reported experimental results [19] by using Eq. (1). The fitted model parameters are given as follows: ε 0 = 190, ε ∞ = 5.6, ω T /2π = 3.3 THz and γ/2π = 0.8 THz. Figure 1 (a) shows the dielectric dispersion curves of the CTO bulk. Although the CTO ceramic exhibits threefold degenerate vibration modes and isotropic dielectric dispersion due to its cubic (space group pm3m) crystal structure, it is still designed as rod-shape in this paper not only for the enhancement of the electric response but also for ensuring enough space to degenerate the EM interaction between electric and magnetic inclusions. The effective permittivity (ε eff ) of the CTO rods with the cross sectional area 1 × 1 µm 2 and infinite length is calculated based on the effective medium theory [20] and the results are shown in Figure 1 (b). The electric field E polarizes along the axis of the rod and the lattice constant is 10 µm. It can be seen from Figure 1 (b) that, due to the low filling fraction (1%), the ε eff of the CTO rods is much smaller than that of the bulk. Nevertheless, the negative permittivity is still realized above 2.92 THz and the minimum real value of the ε eff approaches to −3 at about 3.2 THz. It has been reported that the electric resonance of dielectric rodshaped particles with high permittivity can also be excited by Mie resonance [10] . If the resonant model ε eff of the CTO rods arises from Mie resonance, the position of the resonant peak should shift towards a higher frequency with decreasing the permittivity of the bulk material [13] . Therefore, in order to prove that the resonant model ε eff of the CTO rods results from the intrinsic dielectric property rather than Mie resonance, we increase the damping coefficient γ/2π from 0.8 THz to 1.6 THz to reduce the oscillator strength in CTO (dotted line in Figure 1(a) inset) , and thus the bulk permittivity. The calculated ε eff of the CTO rods with the same size but different γ/2π values are shown in the inset of Figure 1(b) . The results indicate that the peak position of the resonant permittivity is unchanged, only the strength of the resonance weakens as the bulk permittivity decreases. This distinctly verifies that the negative permittivity originates from the lattice vibration, i.e., from the intrinsic property of CTO ceramic.
MAGNETIC INCLUSION
For the magnetic inclusion, a collection of LiTaO 3 (LT) dielectric spheres is considered. The relative permittivity of LT bulk exhibits a sharp resonance near 4.25 THz by the lattice vibration and the dielectric dispersion function of LT bulk satisfies the form in Eq. (1) For the large permittivity of LT bulk in the frequency region below 4.25 THz, a negative effective permeability (µ eff ) can be generated based on Mie theory with suitable particle size [9] . The µ eff of a collection of LT spheres is shown in Figure 2 (b), which is obtained based on the effective medium theory [20] . The radius of the sphere is 4 µm and the lattice constant is still 10 µm. The results reveal a resonance in µ eff at about 3.53 THz and, in the frequency range just above the resonance, the µ eff is negative and the minimum real value is about −0.26 at 3.58 THz. The same results are also reported previously in Ref. [9] . From the results of the effective parameters in Figure 1 
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Simulations and Results
To configure the negative refractive index, we put a CTO rod at both sides of a LT sphere symmetrically, and the space between the CTO rod and the LT sphere is 0.5 µm. The polarization of the magnetic field is along the z axis and that of the electric field is along the y axis (as shown in Figure 3(a) inset) . The transmission coefficients of the CTO rods only, the LT spheres only and the combined medium are simulated using CST microwave studio and the results are shown in Figure 3(a) . The CTO rods have a negative permittivity within a wide range as explained in Section 2. As a result, the EM wave cannot propagate in such a medium and a wide forbidden region of the transmission appears accordingly (black dashed line). For the LT spheres only, there is also a forbidden band that appears around 3.5 THz arising from Mie resonance. By combining the CTO rods with the LT spheres, a passband as marked with the blue arrow in Figure 3 (a) is observed around the overlap of the forbidden bands of the LT spheres and the CTO rods. In order to calculate the effective parameters, the scattering parameters (S 11 and S 21 ) of only one unit along the propagation direction are simulated. The effective EM parameters are retrieved using the method as described in Ref. [21] and the results are shown in Figures 3(b)-(d) . It is noted that the negative refractive index is indeed realized in the range from 3.51 to 3.64 THz as shown in Figure 3(b) , which is slightly wider than that of the negative permeability of the LT spheres only (3.56 to 3.64 THz). The wider negative index ranging from 3.51 to 3.56 THz is due to the single negative effective parameter (negative ε eff and positive µ eff ) and the large imaginary part of the µ eff near the resonance [22] . Therefore, the negative refractive index in this region (3.51-3.56 THz) is not a result of the left-handed behavior. When the frequency decreases below 3.51 THz, the imaginary part of the µ eff dropped rapidly and the condition as described in Ref. [22] cannot be satisfied. Hence, a deep dip as marked with the black arrow in Figure 3(a) is caused by the remaining large positive µ eff and the negative ε eff .
Electromagnetic Coupling
Considering the effect of the EM coupling on the negative refractive index, we change the distance (d) between the electric and magnetic inclusions and simulate the magnetic field intensity distributions of the composite near the magnetic resonance as shown in Figure 4 .
As expected from Mie theory, the dielectric sphere is equivalent to a magnetic dipole near the magnetic resonance mode and the magnetic field is mainly localized in the sphere as shown in Figure 4(a) . However, when the CTO rods are placed beside the dielectric sphere, the magnetic field distribution is changed. The magnetic field in the gap enhances greatly while that in the sphere decreases as the rod approaches the dielectric sphere. When the distance between the rod and the sphere is reduced to zero, the intensity of the magnetic resonance even decreases by about 15% from about 5.7×10 4 A/m to 4.7 × 10 4 A/m (Figures 4(b)-(c) ). This can be understood through the EM coupling between the electric and magnetic inclusions. When the lattice vibration happens in the CTO rod, a displacement current (I) forms inside the CTO rod along the axis by the relative displacement of the ions with opposite charges along the E polarized direction resulting from the electric resonance (Figure 4(d) inset) , thus an annular magnetic field (H r ) is induced around the rod. The resonant magnetic field (H s ) in the dielectric sphere resulting from Mie resonance is along the z axis. As the CTO rod approaches the magnetic resonator, the interaction between them is enhanced dramatically. The annular magnetic field affects on the magnetic resonance and greatly weakens its strength. Moreover, the position of the magnetic resonance shifts towards a higher frequency. Although the effective permeability is still the resonant model, the negative part could not be encountered (Figure 4(d) ). Therefore, a suitable distance between the electric and magnetic inclusions is quite significant in the realization of the negative parameters. From the simulation results discussed above, it has been confirmed that the negative refractive index can be realized by the combination of the electric inclusion based on lattice vibration and the magnetic inclusion based on the Mie resonance. The parameters used for the simulations are taken or fitted from experimental data and it has more practical applications. Although the negative refractive index is demonstrated only in the THz region, it is possible to extend this design route to the far infrared and even the middle infrared frequency with proper selections of polaritonic materials and particle dimensions. For example, SiC whiskers of 1.5 µm in diameter show a magnetic Mie resonance at about 760 cm −1 [10] , while the transverse optical phonon frequency of E 1 mode in BeO single crystal is around 724 cm −1 [23] and the region of the negative permittivity covers the Mie resonance region of SiC whiskers. Moreover, some ferroelectrics such as Sr 0.5 Ba 0.5 TiO 3 with an electrically tunable property can also be introduced as the electric inclusion and expand the scope of the application [24] .
CONCLUSION
In summary, we numerically demonstrate a kind of LHMs based on LT dielectric spheres and CTO rods. The left-handed passband is observed in the frequency region where both the effective permeability and permittivity are negative. In this novel design route, the negative permeability is attributed to Mie resonance, while the realization of negative permittivity is no longer using plasmon resonance or electric Mie resonance as described in the previous reports, but the lattice vibration of the polaritonic dielectrics at the transverse optical phonon frequency. The simple nonmetallic structure and an all-dielectric route make it a promising candidate for the LHM design.
